Abstract Assessment and utilization of diversity in plant genetic resources is vital for the improvement of plant species. A sorghum diversity research set (SDRS) was developed by using SSR markers. A total of 320 sorghum accessions were selected based on geographic distribution from more than 3,500 germplasm accessions comprising Asia (East, Southeast, South and Southwest Asia) and Africa, conserved at NIAS Genebank, Japan. We selected 38 simple sequence repeats (SSR) markers which generated 146 alleles, covering ten chromosomes of sorghum from a three different published SSR linkage map of sorghum. The average percentage of polymorphic loci (P) and gene diversity (He) observed in this study were 82.8 and 0.217 respectively. Analysis showed a positive correlation with geographic pattern of differentiation. Based on SSR assessment, 107 sorghum accessions were selected as diversity research set. There was no significant difference in pattern of genetic spectrum between SDRS and base population. Similarly no greater change was observed for variability parameters (Dice, %P, He) and almost all of the SSR alleles were retained in selected sorghum accessions except for the loss of a single allele at locus Xtxp287. SDRS was sown during sorghum sowing season in two replications. Data were recorded on 26 important morphological traits according to the standard sorghum descriptors at Genebank. Analysis of variance showed a highly significant difference among all accessions for all of the traits. Morpho-agronomic traits could not effectively classify the accessions according to geographic origin by using cluster analysis.
Introduction
Sorghum, Sorghum bicolor (L.) Moench is a major staple and fodder crop in tropical/semi tropical Africa and Asia (Doggett 1998) . Among other crops, it is ranked as fifth most important crop in the world (FAO 2004) . Sorghum is an important target for plant genomics due to its adaptation to harsh environments, diverse germplasm collection, and relatively small genome size (Menz et al. 2002) . Identification of genetic variation underlying traits important in domestication and improvement of crops is an area of great interest to both evolutionary and applied biologists (Hamblin et al. 2004 ). The sorghum genome contains 750 Mb of DNA, which is 3-4-fold smaller than that of maize (2,400 Mb) (Arumuganathan and Earle 1991) . In sorghum the most important agronomic form is S. bicolor ssp. bicolor, which is further classified into five races; bicolor, caudatum, durra, guinea and kafir, based on morphological characteristics of the inflorescence (Harlan and de Wet 1972) .
Genetic diversity plays a vital role in the success of any breeding program (Ali et al. 2007 ). Molecular markers are an excellent tool for the assessment of genetic relationships and various types of markers have been used in many investigations of sorghum (Ritter et al. 2007 ). Many researchers have used different kinds of molecular markers e.g. Restriction Fragment Length Polymorphisms (RFLPs) (Ahnert et al. 1996; Deu et al. 1994; Tao et al. 1993) , Randomly Amplified Polymorphic DNA (RAPDs) (Ayana et al. 2000; Tao et al. 1993; Uptmoor et al. 2003) , microsatellites (SSRs) (Ali et al. 2007; Casa et al. 2005; Anas and Yoshida 2004; Folkertsma et al. 2005; Menz et al. 2004; Smith et al. 2000; Uptmoor et al. 2003) and Amplified Fragment Length Polymorphisms (AFLPs) (Menz et al. 2004; Uptmoor et al. 2003 ) have all been successfully used to estimate the genetic diversity in sorghums germplasm. Morphological traits or pedigree are important estimates of genetic diversity in crops but such information is usually found unrealistic and mostly influenced by environmental factors (Fufa et al. 2005; Alamnza-Pinzon et al. 2003) . So molecular markers are supposed to be the most effective and efficient genetic tools for the actual estimate of genetic diversity.
Core collection is one of the most important practices of any Genebank management because of the difficulty to handle large number of germplasm for any collection. A core collection is a limited set of accessions representing, with a minimum of repetitiveness, the genetic diversity of a crop species and its wild relatives (Frankel 1984) . The core collection concept has been around since 1984 and so far a large number of core collections have been created of different kinds of species. Multivariate analysis is widely used approach to create groups of similar accessions. Data on genetic markers, agro-morphological characteristics or other characters can be used to construct a dendrogram and to group accessions, using a range of different cluster, discriminant or principal components analysis methods. Biochemical analysis and molecular markers assessment will certainly help to improve core collections. Similarly geographic information systems (GIS) will further analyze the patterns of distribution of genetic diversity in proper way (Guarino et al. 2001) . Mann et al. (1983) hypothesized that the origin and early domestication of sorghum took place in northeastern Africa however Wendorf et al. (1992) reported that carbonized seeds of sorghum, with consistent radiocarbon dates of 8,000 years BP, were excavated at an early Holocene archaeological site E-75-6, at Nabta Playa, near the Egyptian-Sudanese border. It subsequently spread to eastern and southern Africa and by trade routes to Asia (Doggett 1998) . Plant genetic resources for food and agriculture are crucial in feeding the world's population. They are the raw material that farmers and plant breeders use to improve the quality and productivity of our crops. Different organization and agencies tried to conserve the genetic resources of sorghum germplasm since its domestication. National Plant Germplasm System (USDA), International Crop Research Institute for the Semi-Arid Tropics (ICRISAT) and Chinese Agricultural Science Academy National Seed Bank (CASANSB) has largest sorghum germplasm collections of 42,221, 36,719 and 14,014 accessions, respectively. Dahlberg et al. (2004) made a core collection from NPGS, USDA sorghum collection. The collection was broken out into its respective country of origin and random selection of 10% of the accessions from each country was used to develop the core. Based on these criteria, a core collection of 3,011 accessions representing 77 different countries was developed. Similarly, ICRISAT has a core collection of 2,246 sorghum accessions (10% of whole population) developed by Grenier et al. (2000) . All of the accessions in whole population were stratified into different groups on the basis of geography and taxonomy. The effect morphological traits, including days to flowering and plant height on day-length variation was evaluated. These two characters were highly correlated with latitudinal and racial distributions of landraces. Qingshan and Dahlberg (2001) has selected sorghum accessions from a large population conserved at CASANSB, China. The accessions were classified according to agronomic, nutrition, biotic and abiotic stress evaluation data. The accessions were comprised of mostly local, photoperiod insensitive, tall and big accessions.
The objectives of the study presented are (1) detailed assessment of genetic diversity among 320 selected accessions, (2) selection of accessions for diversity research set (3) to identify the patterns of diversity according to geographic distribution and (4) to find out the relationship between molecular markers estimates and morphological traits analysis. The representative set of diverse sorghum germplasm is designated as Sorghum Diversity Research Set (SDRS), a pioneer work based on germplasm conserved at NIAS Genebank, Japan. It will improve the conservation and use of sorghum genetic resources maintained by Genebank and this information can be effectively utilized by researchers in sorghum breeding programs.
Materials and methods

Plant materials and genomic DNA isolation
A total of 320 sorghum accessions (landraces) were selected from more than 3,500 germplasm collection preserved at Genebank, National Institute of Agrobiological Science, Japan. Sorghum germplasm in Japan's national genebank was collected in a collaborative project with other national and international agencies. Our selection was based on the geographic distribution of sorghum over the regions around globe, particularly from Asia and Africa. Among Asian accessions, 103 were from East Asia (Japan, Korea, Taiwan and China), two from Southeast Asian (Cambodia and Myanmar), 99 from South Asia (India, Pakistan, Afghanistan, Bangladesh and Nepal) and two from Southwest Asia (Iran and Israel). While remaining 114 sorghum accessions were selected from Africa, covering almost all parts of African regions (Chad, Cong, Lesotho, Morocco, South Africa, Central Africa, Sudan, Nigeria, Algeria, Uganda, Ethiopia, Kenya, Zimbabwe and Tanzania). The passport and evaluation data of these accessions can be easily accessed through Genebank, NIAS website (http://www.gene.affrc.go.jp/about_en.php). The list of selected 320 sorghum accessions, its origin and other detail information is available on our laboratory home page: http://www.sakura.cc.tsukuba. ac.jp/*pbreed/index.html.
Leaves from 40 days old seedlings were cut and then subjected to vacuum freeze drying method for dehydration. Genomic DNA was extracted from leaf tissues using the CTAB method described by Murray and Thompson (1980) with some modification. Extraction buffer was composed of 2% CTAB, 50 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.7 M NaCl, 0.1% SDS, 0.1 mg/ml Proteinase K, 2% insoluble PVP and 2% 2-mercaptoethanol. Chloroform extraction was performed to remove cellular debris and proteins by using chloroform-isoamyl alcohol (24:1 v/v), DNA was precipitated by addition 2-isopropanol and the precipitate was washed twice in 70%/90% ethanol. The final precipitate was dissolved in 50 ll of 1/10 TE solution containing RNase A, incubated at 42°C overnight, and stored at 4°C. The DNA concentration was measured on the NanoDrop ND-1000 (Thermo scientific) spectrophotometer and diluted to a working concentration of 5 ng/ll.
Selection of SSR primers
Microsatellite primers were selected from published linkage maps of sorghum as revealed by Bhattramakki et al. (2000) , Kong et al. (2000) and Taramino et al. (1997) . A total of 144 SSR primers were screened by using eight sorghum accessions with wide range of geographic distribution. Thirty eight SSR primers showed a clear and polymorphic banding pattern which was then used on all 320 sorghum accessions while the other primer sets were discarded because of no band, complex banding pattern or non polymorphic nature. List of 38 SSR markers with primer sequences is given in Table 1. PCR conditions and electrophoresis PCR amplification of sorghum SSRs were performed in 10 ll reaction mixture containing 10 ng DNA template, 109 PCR buffer (Mg 2? concentration: 20 mM), 2 mM dNTPs, 25 ng of each primer and 0.02 U of Blend Taq Plus polymerase (Toyobo Co., LTD. Japan) enzyme in either Eppendorf Master cycler or Applied Biosystems 9700 or 2700 PCR system Applied Biosystems 2720 thermal cycler. Annealing temperature was determined for all Table 1 List of sorghum SSR primers; Bhattramakki et al. (2000) and Kong et al. (2000) 
Locus
LG No. Locus with bold face has homology with genes.
LG; stands for linkage group (Bhattramakki et al. 2000) Genet Resour Crop Evol (2009) 56:809-827 813 primers by using Eppendorf Master Cycler ep. gradient S. Thermal cycler protocol was set as denaturation at 98°C for 3 min, 30 cycles of 98°C (10 s), 60°C (30 s), and 72°C (30 s), followed by for 7 min at 72°C and then cooling at 4°C. PCR products were run on 10% polyacrylamide gel (10 cm in size) with constant supply of 200 V power, 500 mA current for 70-120 min depending upon the size of PCR product. 109 TBE buffer was used in making the gel while 19 Tris Glycine Buffer was subjected to the tank. Gel was stained in ethidium bromide solution and photograph was taken by using Kodak Digital Science EDAS 290 ver. 3.6 with Kodak ID Image analysis software ver. 3.5. Different bands of the same SSR primer was grouped according to their respective sizes by comparing with 50 bp DNA size marker ladder and all of the accessions were scored either ''0'' for absence or ''1'' for presence of specific allele.
Analysis of genetic diversity
Molecular data generated by SSR assays were analyzed by using NTSYS pc ver. 2.20q (Rohlf 2000) . DICE similarity coefficient based on the proportion of shared alleles (DICE 1945; Nei and Li 1979) to measure genetic similarities between accessions based on the proportion of shared alleles with SIMQUAL module. The proportion of shared fragments dendrogram was constructed by the clustering of accessions based on similarity matrix using unweighted pair group method with UPGMA arithmetic average algorithm in SAHN module ( Fig. 1) . Analysis of Molecular variance (AMOVA) based on PhiPT values, Allele frequencies (AF), Pairwise population Nei genetic distance values (Nei GD) and expected heterozygosity (He), also referred as unbiased gene diversity (D) were calculated by a software GenAlEx ver. 6 (Peakall and Smouse 2006) . U PT is calculated as the proportion of the variance among populations, relative to the total variance.
V AP the variance among populations and V WP the variance within populations.
He (expected heterozygosity) can be calculated as
where He(i) is the expected heterozygosity in population i, and k is the number of populations. Nei genetic distance is measured as Nei D ¼ Àln I ð Þ; where I is Nei's Genetic Identity and D is expected genetic heterozygosity.
Selection of accessions for SDRS
The number of accessions to be selected was decided on the basis of total number of alleles covered by the selected number of accessions (Fig. 2) . The percentage of alleles covered by number of accessions was counted by repeated trails with each number of samples. As our target was to select a represented diversity set of accessions which has maximum genetic diversity and that can be utilized in the genetic studies of quantitative traits. There was only a loss of one allele at sample size of 107-139 and total alleles were recovered after sample size of 140 accessions. The sample size was eventually fixed at 107 at similarity index of 0.51 on the UPGMA dendrogram. The dendrogram constructed by the clustering of accessions based on similarity matrix using unweighted pair group method (UPGMA) divided into branches and one accession with highest diversity index was selected from each branch (Fig. 1 ). When the accessions in a branch were of similar diversity index then the origin was also given preference to maximize the representation of all geographic regions.
Phenotypic evaluation of SDRS
In year 2006, the selected 357 sorghum accessions from Genebank of National Institute of Agrobiological Sciences (NIAS) were sown in field. Some of the accessions could not germinate and seeds were obtained only form 320 sorghum accessions. The panicles were covered with butter bags to avoid out crossing. Based on SSR evaluation, 107 sorghum accessions were selected as representative set of whole population and sown at NIAS field during growing season of year 2007. The statistical design used for field evaluation Randomized Complete Block Design (RCBD) with two replications. Ten plants per acces-sion were planted with plant to plant distance of 20 cm and row to row distance of 1 m. All standard agronomic practices were applied during the whole season. Data was recorded on 26 important morphological traits including both qualitative and quantitative characters, selected from standard NIAS, Genebank sorghum characters (descriptors). The traits can be divided into two groups according to the type of data collected i.e. continuous data and categorical data.
Continuous type of data was recorded for 12 phenotypic traits including, days to heading (DTH), days to flowering (DTF), days to maturity (DTM), culm diameter (CD), grain weight per panicle (GWP), 100 grain weight (100GW), culm length (CL), number of tillers (NoT), number of panicles (NoP), panicle length (PL), leaf length (LL) and leaf width (LW). Similarly, 14 traits with categorical type of data were; panicle shape (PS), panicle type (PT), coleoptile's color (CC), 1 1 7 (PK) 1 9 7 (SD) 1 9 6 (SD) 2 0 0 (SD) 1 5 4 (UG) 2 4 0 (UG) 2 3 8 (ET) 2 4 6 (CG) 1 9 8 (SD) 6 3 (SD) 2 3 6 (SD) 8 2 (SD) 2 1 2 (NG) 3 (TD) 8 8 (TD) 8 7 (NG) 2 2 1 (SD) 2 9 5 (SD) 2 4 1 (TZ) 2 6 1 (CN) 4 1 (ZA) 3 6 (IN) 5 3 (NG) 1 7 8 (KH) 2 9 7 (SD) 3 1 5 (CF) 3 1 6 (CF) 2 4 5 (ZW) 8 0 (NP) 1 9 3 (SD) 1 5 5 (UG) 2 4 2 (TZ) 1 7 0 (UG) 3 1 7 (TZ) 3 1 8 (TZ) 3 1 3 (CF) 3 1 1 (ZW) 3 1 4 (CF) 2 9 9 (SD) 3 0 2 (SD) 3 0 0 (SD) 1 7 9 (NG) 2 9 3 (MA) 1 5 6 (UG) 1 6 9 (UG) 1 8 5 (SD) 1 9 0 (KE) 1 9 1 (SD) 1 9 9 (SD) 2 6 6 (CN) 2 6 7 (CN) 2 2 (IN) 8 4 (SD) 1 9 2 (SD) 1 4 1 (CN) 1 4 5 (PK) 2 9 0 (PK) 2 9 1 (PK) 1 6 0 (NG) 3 0 5 (ET) 3 0 7 (KE) 3 2 0 (TZ) 3 2 1 (TZ) 5 9 (PK) 6 8 (NG) ) and likelihood-ratio Chisquare statistics were calculated for the 14 morphological traits having categorical data. v 2 was calculated as:
Results
SSR polymorphism
A total of 38 polymorphic SSR markers used in this study generated 146 alleles which were able to uniquely classify 320 sorghum accessions of diverse origin. The number of alleles revealed by each locus ranged from two to nine with average of 3.84. The selected SSR markers fairly cover the ten linkage groups of sorghum. Three of the SSRs have homology with genes responsible for a particular product such as Xtxp212 (LG; D) is coding a putative protein in Arabidopsis thaliana (L.) Heynh., Xtxp92 (LG; E) is involved in the production of heat-shock-like protein in Picea glauca (Moench) Voss and Xtxp273 (Pbbf) (LG; H) give a product of prolamine-box binding factor in Zea mays L. (Bhattramakki et al. 2000) . Similarly three markers are derived from gene loci; Cba and PepC in LGs C and G, respectively, and Kaf2 in LG J (Bhattramakki et al. 2000) . Genetic similarity ranged from 0 (253 IN) to 0.8 (123 PK). Based on geographic distribution all of 320 sorghum accessions from 27 countries of origin can be classified into five major regions namely; East Asia, Southeast Asia, South Asia, Southwest Asia and Africa. Number of selected accessions from each region, average dice coefficient of similarity values and expected heterozygosity (gene diversity) for all 320 sorghum accessions, classified into five major regions are given in Table 2 . Sorghum accessions from East Asia showed maximum value for dice coefficient (0.439) than the other groups. Gene diversity (He) and percent polymorphic loci (%P) were not so different for all accessions belonging to different geography. Analysis of molecular variance showed a total of 7% variation among regions while 93% variation within regions with significant value (Table 3) .
SSR cluster analysis
Based on dendrogram generated from 146 shared alleles by UPGMA cluster analysis, 320 sorghum accessions were clearly classified into three distinct clusters i.e. Cluster I and Cluster II and Cluster III (Fig. 1) . Cluster I, the major cluster is sub divided into six groups Sample size Proportion of alleles retained (%) Fig. 2 Percentage of alleles retained in specific sample size of accessions composed of four accessions (Japan: 2 and South Africa: 2). Similarly group ''f'' is composed of accessions from India and Pakistan. One accession (289PK) from Pakistan grouped exclusively separated from others in this cluster. Clusters II and III can be again sub divided into five groups namely; a, b, c, d and e. Cluster II is relatively mix type of cluster with 82 sorghum accessions from Africa and Asia. Eight accessions from East Asia also falls in this cluster (Japan: 4, Korea: 1, China: 2, Taiwan: 1) while the only one accession from Iran, Israel and Myanmar also present in this cluster. In this cluster two accessions from African origin (239ET and 306KE) were uniquely placed and remain separated from other accessions of the cluster. A total of 71 accessions were included in Cluster III mainly derived from Africa along with 16 accessions from other origins (Japan: 2, China: 5, Cambodia: 1, India: The same results were reconfirmed by principal coordinate analysis using correlation genetic (Table 2) . Analysis of molecular variance for SDRS showed a total of 6% variation among geographic regions while 94% variation within geographic regions with significant value (Table 3 ).
Phenotypic characterization of SRDS
To confirm the spectrum of diversity in morphological traits, data was recorded for the diversity representative set of 107 sorghum accessions) which were selected from the SSR assessments. Analysis of variance (ANOVA) tested for 12 morphological traits of continuous type numeric data including days to heading (DH), days to flowering (DF), days to maturity (DM), culm diameter (CD), grain weight per panicle (GWP), 100 grain weight (100GW), culm length (CL), number of tillers (NoT), number of panicles (NoP), panicle length (PL), leaf length (LL) and leaf width (LW) showed highly significant difference for all the accessions according to F statistics. ANOVA table with distribution of 12 morphological traits are given in Table 4 . According to correlation analysis, GWP was non-significantly correlated with CD (Table 5) . Similarly CL had no significant correlation with CD and GWP. NoT was only highly significantly correlated with CD while the remaining combinations were non-significant. Similarly PL was showed only highly significance with DH while non-significantly correlated with other traits. LL had no significant correlation with GWP, NoT, NoP and PL. LW was non significant with GWP, 100GW, CL and PL. The accessions in SDRS were classified into five major regions according to geographic distribution (East Asia: 25, Southeast Asia: 2, South Asia: 26, Southwest Asia: 2 and Africa: 52). Mean values of 12 continuous traits were compared for regions by using Tukey-Kramer HSD test. According to the test, the five regions comprised of 107 accessions showed no (Table 6 ). Geographic regions were found to be independent for six traits including ET, RI, CC, PS, PT and AP while for other traits (GES, CM, MC, LWP, NRT, RG, PNL and GC) they were positively associated with each other. Clustering on the basis of morphological traits By using all 26 morphological traits dendrogram was generated based on Euqlidsq coefficient of genetic dissimilarity with UPGMA model of arithmetic algorithm (Fig. 4) . The dendrogram can be divided into two main clusters each with four groups (a, b, c and d) respectively. All 107 sorghum accessions distributed between the clusters independent of their origin. Cluster I is composed of 52 sorghum accessions, majority is from Asian origin (36 accessions) while 16 accessions are from Africa. Similarly among accessions in Cluster II, 17 out of 55 total accessions are from Asian origin while remaining 38 accessions are African based origin.
Multivariate analysis of 12 quantitative traits
Multivariate analysis of the 12 quantitative characters gives a representation of the morphological diversity of 107 sorghum accessions. The first axis accounts for 40.8% of the variance and the principal component scores are influenced by DH, DF, DM, CD, CL, LL and LW as shown in Table 7 . The second axis accounts for 20.9% of the variance which is mainly influenced by NoT, NoP and CL. Similarly third axis accounts for 12% of the total variance and mainly influenced by GWP, PL, LL and LW. Scores from principal component analysis were used to classify all 107 in scatter plot design (Fig. 4) . Based on first three principal components, all of the accessions made clusters with different combinations. Accessions can be divided into five major groups i.e. East Asia, Southeast Asia, South Asia, Southwest Asia and Africa. All sorghum accessions separated unequally on both axis and made mix clusters, which is independent of its origin. Figure 5a shows all sorghum accessions made mix cluster based first two principal components. Similarly Fig. 5b represents the same type of mix clustering behavior by using first and third principal component.
Discussions
Genetic diversity assessments
This study gives a wide range of genetic diversity among 320 sorghum accessions selected from diverse origins based on geographic distribution in Asia and Africa. A large number of sorghum SSR markers i.e. 144, selected from three different published SSR linkage maps by Bhattramakki et al. (2000) , Kong et al. (2000) and Taramino et al. (1997) . Only 38 unique markers were selected on the basis of their clear distinguishing polymorphic pattern. The total number of alleles generated from these markers (146) and size varies from the source data which might be because of the difference in genotypes as our material was composed of diverse collection from different DH days to heading, DF days to flowering, DM days to maturity, CD culm diameter, GWP grain weight per panicle, 100GW 100 grain weight, CL culm length, NoT number of tillers, NoP number of panicles, PL panicle length, LL leaf length, LW leaf width Significant differences at * P \ 0.05, ** P \ 0.01, *** P \ 0.001, respectively and NS No correlation (not significant)
origins. SSR markers used in this study showed a high level of polymorphism which is because of its unique replication slippage mechanism (Pejic et al. 1998) . The mean number of alleles per locus (3.84) was similar as recorded by Ali et al. (2007) on 72 entries (3.22) and Schloss et al. (2002) on 25 sorghum lines (3.4) but lower than that reported by Agarma and Tuinstra (2003) and Smith et al. (2000) with mean allele per locus of 4.3 and 5.9, respectively. The average percentage of polymorphic loci (P) and gene diversity (He) observed in this study are 82.8 and 0.217 respectively recorded in our study represents a diverse spectrum in all sorghum accessions which is in correspondence with the findings of Djè et al. (2000) . But the gene diversity observed in this population is less than reported by Ali et al. (2007) i.e. 0.40 and value of 0.46, 0.62, 0.58 reported by Schloss et al. (2002) ; Agarma and Tuinstra (2003) and Smith et al. (2000) , respectively. One SSR Locus Xtxp 331 was identified to possess rare alleles and exhibited gene diversity index of less than 0.05 in whole population and also in SDRS. Rare alleles are defined as a frequency of \0.05 (Somers et al. 2007; Casa et al. 2005) . These rare alleles play an important role if they are uniquely linked to some particular genotypes. Such alleles are of major interest because they may be diagnostic for particular genotypes or for particular regions of the genome specific to a particular type of sorghum (Agarma and Tuinstra 2003) . Another locus Cba also behaved as comprised of rare alleles in East Asia group among 320 sorghum accessions while the remaining geographic groups showed only Xtxp331 as rare. Similarly in SDRS Xtxp331 was the only locus with rare alleles in all five geographic groups. One allele of the locus named as Xtxp287, was not selected and consequently caused the loss one allele in total of 146 alleles due to the selection of representative set of accessions.
Clustering of sorghum accessions
Based on 38 sorghum SSR loci with 146 alleles, all of the sorghum accessions (320) distinctly classified according to geographic distribution. Our results indicated that genetic variation was more closely related to geographic origin which is supported by Morden et al. (1990) while it is contrary to the findings of Djè et al. (2000) that 11% of total genetic variation at microsatellite loci was due to geographic differentiation. Our collection was composed of race bicolor that showed a relative high level of genetic diversity than reported for other races of Sorghum bicolor (Djè et al. 2000) . Bicolor is thought to be the race most closely related to wild sorghums (Harlan and de Wet 1972) . The 26 sorghum traits studied, both quantitative and qualitative could not classify 107 selected sorghum accessions according to geographic distribution. Our results could not confirm any clear relationship between molecular and morphological estimates. This in contrast to the findings of Geleta et al. (2006) which were reported a significant correlation between SSR and morphological traits among 45 accessions by using 10 SSR primers. It could be because of our large population size and greater number of SSR markers. While Ayana et al. (2000) showed no genetic relationship (allozyme plus RAPD) with quantitative agro-morphological traits, which shows no correlation between molecular markers and morphological traits. Similarly Dahlberg et al. (2002) reported insufficient relationship between RAPD markers and agronomic descriptors. Morphological traits are more influenced by environment thus there is more chance of fluctuation with change in environmental factors while genetic structure is more consistent with less influence of environment. Our results are supported by the findings of Fufa et al. (2005) and Alamnza-Pinzon et al. (2003) .
High levels of correlation between DNA markers and agronomic descriptors may be difficult but still morphological traits are important for developing core collection (Ayana et al. 2000) . Another possible reason for such mix type of clusters of sorghum accessions for morphological traits could be intense human selection pressure for such traits since beginning in the process of sorghum domestication. While SSRs are usually not the targets of selection, and its reduced variation at a linked site during a selective sweep depends not only on the strength of selection, but also on the rate and mode of mutation and the rate of recombination between the selected site and the marker assayed (Casa et al. 2005) . SSR loci may quickly recover lost diversity and, therefore, give non-significant deviation from neutrality (Vigouroux et al. 2005) . Sorghum is considered to be originated from Africa (Harlan and Stemler 1976; Wendorf et al. 1992 ). This study clearly identifies the pattern of sorghum domestication from Africa to Asia (Fig. 2) . Our results classified sorghum accessions in two distinct parts of East Asia and Africa while the accessions belonging to South Asia origin joins the two parts by spreading from Africa to East Asia. It suggests that sorghum was introduced from Africa to East Asia through South Asia.
The representativeness of the SDRS can be judged by comparing with original population. The diversity research set developed in this study retained 99.93% of total alleles present in whole population. Similarly, no drastic change was observed for genetic diversity attributes like % polymorphic loci, similarity coefficient and gene diversity regarding base collection. Based on our results, we were able to construct a diversity research set of 107 accessions from 320 diverse geographic origins of Africa and Asia i.e. 33% of the total number. Our collection size is more than recommended by Brown (1989) i.e. 10% of whole population size which reflects 70% of total genetic diversity. The size of our collection is in accordance with Noirot et al. (1996) who suggested that higher percentages (20-30%) are needed, particularly where the objective is to capture the genetic diversity of quantitatively inherited characters. USDA and ICRISAT collections lack accessions from East Asia and mostly composed of African and South Asian accessions. Chinese sorghum collection is composed of mostly native germplasm with introduction of some African accessions which shows less diversity in traits. While, the SDRS developed in our study has a diverse collection of landraces without any improved variety, selected from all parts of Africa and Asia. Our results reflect the process of sorghum domestication from its place of origin to East Asia.
Conclusions
Molecular markers especially SSR are most efficient source of diversity studies in crop species. In this report 38 SSR markers clearly classified 320 sorghum accessions into geographic pattern and showed the process of domestication from Africa to East Asia through South Asia. Our study will serve as a pioneer work in construction of sorghum core collection in Genebank, Japan. The use of population diversity based approaches and SSR assessments can be used for identifying genomic regions of interest. Based on the data obtained, there is still a need to further investigate the proper method of diversity studies and making a core collection. Whole genome sequence information can serve as a landmark for developing more authentic approach for making core collection and the area of functional genomics can be explored to establish a solution for such constrains.
Our further targets include the utilization of SDRS in linkage-disequilibrium (LD) analysis and association between molecular markers and morphological traits and association mapping. The cryptic variations associated with SSR loci and long distance chromosomal regions can be further utilized for the selection of parents in Qtl mapping techniques. Our study will serve as a pioneer work in sorghum diversity and genomic studies.
